and RT using a dc four-probe method. We defined the TMR ratio as (R AP −R P )/R P , where R P and R AP are the respective resistances for the parallel (P) and antiparallel (AP) magnetisation configurations between the lower and upper electrodes. The bias voltage (V) was defined with respect to the lower electrode; i.e., electrons tunnel from the lower Co 2 YZ electrode to the upper Co 2 YZ electrode at a positive V.
The magnetic properties of Co 2 Mn β Ge 0.38 thin films with various β ranging from 0.67 to 1.40 were measured by using a superconducting quantum interference device magnetometer (Quantum Design -7 -MPMS) at 10 K. For the estimation of magnetization, the contribution from the MgO substrate was subtracted. To obtain the µ s values per f.u., the film thicknesses of Co 2 Mn β Ge 0.38 films were obtained through X-ray reflectivity measurements, and in-plane and perpendicular lattice constants, a and c, were measured by a θ-2θ scan with a four-circle X-ray diffractometer.
Experimental Results

Structural properties
First, we describe the structural properties of the fabricated CMS-MTJ layer structures with co-sputtered CMS films having a film composition of electrode is lower than that for the lower CMS electrode, which is common to that observed for lower and upper CMS electrodes previously prepared by sputtering from only a CMS target [42] . It should also be noted that unknown spots were superimposed onto the Heusler L2 1 spots in some regions of the lower and upper CMS electrodes, indicating the coexistence of unidentified materials or structures in addition to the Heusler L2 1 structure. This was in contrast to the micro-beam electron diffraction patterns for CMS thin films used as both lower and upper electrodes with a film composition of Co 2 Mn 0.91 Si 0.93 , which were deposited by sputtering with only a CMS target: those patterns showed only the L2 1 structure for any spot region [28] .
Similarly, sharp streak patterns dependent on the electron injection direction were obtained for each successive layer in the CMG-MTJ trilayer structure with co-sputtered CMG films, clearly indicating that all the layers, including the CMG lower electrode, MgO tunnel barrier, and CMG upper electrode grew epitaxially (not shown).
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Spin-dependent tunnelling characteristics of Co 2 MnSi/MgO/Co 2 MnSi MTJs as a function of Mn composition α in Co 2 Mn α Si electrodes
We Most importantly, the TMR ratios at both 4.2 K and RT increased with α even beyond α = 
Discussion
Effect of defects on TMR ratios at low temperatures
Now we discuss the possible origin of the dependence of the TMR ratio, or equivalently of G P /G AP , on the Mn composition in CMS-MTJs and CMG-MTJs. In this section, we discuss the tunnelling mechanism at low temperatures and low bias voltages. Here, low temperatures mean that thermal energy k B T is much lower than the minimum magnon excitation energy ) ( 0 ω h , and low bias voltages mean that eV is lower than 0 ω h . Considering that the characteristic energy for magnon excitation was typically 4 meV for fully epitaxial CMS-MTJs, as reported in our previous papers [27, 28] , V = 1 meV used to measure the TMR ratio at 4.2 K was lower than the magnon excitation energy. Thus, we can ignore tunnelling processes that include spin-flip scattering via magnons excited thermally or excited by -15 - in Co 2 MnSi electrodes. For the Co 2 Mn β Ge 0.38 thin films, we must also take into consideration that the Ge composition was strongly deficient with respect to the Co composition (See section 4.3).
Effect of defects on TMR ratios at room temperature
For tunnelling processes for AP at elevated temperatures, where k B T is comparable or larger than 0 ω h , we must take into consideration tunnelling processes for AP that associate spin-flip scattering in the emitter or collector electrode via thermally excited magnons, including the following processes: (1) electrons are spin-flip scattered in the emitter from the majority-spin band to minority-spin in-gap states in the bulk region or minority-spin interface states by thermally excited magnons and then electrons tunnel to the majority-spin band of the collector and (2) electrons tunnel from the majority-spin band of the emitter to minority-spin interface states or minority-spin in-gap states in the bulk region of the collector and then electrons are spin-flip scattered in the collector to the majority-spin band by thermally excited magnons. This model takes into consideration both minority-spin interface states [27, 43] and minority-spin in-gap states in the bulk region of electrodes. These tunnelling processes increase G AP (or equivalently decrease R AP ) with increasing T because the density of thermally excited magnons increases with increasing T.
Note that minority-spin in-gap states in the bulk region and minority-spin interface states are involved in these tunnelling processes. Therefore, G AP at finite T and low V would be proportional to the total density of minority-spin in-gap states at E F that is the sum of the density of minority-spin interface states at E F (D if (E F )) and D gs (E F ), and G AP at finite T is expressed as
where the T-dependent term represents the effect of spin-flip scattering via thermally excited magnons.
Here, we ignored the effect of magnons excited by hot electrons due to the finite V at RT. The excess energy of e|V| at RT for tunnelling electrons arising from the finite V of 5 mV used for the measurements at RT may excite magnons in the collector region, but the TMR ratios measured at V = 5 mV were less than 1% lower than those measured at V = 1mV (e|V| = 1 meV is less than the characteristic magnon excitation energy of ~ 4 meV). This means that the effect of magnons excited by hot electrons with excess energy of up to 5 mV at RT can be ignored at RT in comparison with the effect of thermally excited magnons at RT (k B T ~ 26 meV). In this sense, we could regard V of up to 5 mV used here as being a low voltage. In a more rigorous treatment, however, the term D if (E F ) + D gs (E F ) in Eq. (2) should also be replaced by the partial density of minority-spin in-gap states at E F , including that of minority-spin interface states, for which the tunnelling probability is higher due to the coherent tunnelling effect.
The increase in G P /G AP with increasing α for an α range of 0.69-1.29 at RT (Fig. 4(b) We now discuss possible defects induced in the prepared nonstoichiometric, Ge-deficient Co 2 Mn β Ge 0.38 films. Note that the Co:Ge ratio in the prepared CMG films was 2:0.38, i.e., the Ge ratio was strongly deficient with respect to the Co ratio. According to the theoretically predicted formation energies of various kinds of defects for Co 2 MnSi [41] , with the assumption that the relative magnitude of these 
